Introduction
Hybrid and electric systems for vehicles are required by regulations of the European Union (EU) [1] and the United States (USA) [2] , among others. As a response to this, an increasing amount of proposals for ecological and greener technological solutions are arising from academic and industrial environments. One of the potential industries for the application of greener solutions is non-road mobile machinery (NRMM). These are widely utilized in mining, goods manufacturing, forest harvesting, cargo logistics, construction, and agriculture. An excavator is an example of construction machinery with its own challenges, such as various working cycles, a variety of end tools, and the size of the machine in general. Academic studies related to excavators mostly concentrate on electrification and hybridization on swing and boom motion to recover the kinetic and potential energy [3] [4] [5] . For instance, [6] proposed a hybrid drive in a 20-tonne excavator. In [7] , displacement-controlled architecture was applied to a 5-tonne excavator to capture the braking energy of the cabin swing motion. In [8] , the standard drive system was compared with the energy recuperation drive system and demonstrated 10% energy saving in one cycle. However, the construction machinery and off-road industry is facing challenges on energy saving due to the high output power required on its A 1-tonne class J.C. Bamford Excavators Limited (JCB) micro-excavator is utilized as a test case ( Figure 1 . The DDH consists of one electric drive (electric motor controlled by a variable frequency converter) and two bi-directional hydraulic motors (working as pump/motors) coupled on one shaft. In addition, the tank of the DDH was substituted with a low-pressure hydraulic accumulator. When the cylinder extends and retracts, the hydraulic accumulator discharges and charges fluid, respectively, to balance the flow of the cylinder. The speed of the electric motor and displacement of hydraulic pump/motors defined the flow to the double-acting differential cylinder.
Boom
Arm Bucket Therefore, the velocity of the cylinder can be adjusted via the electric motor's speed control. In addition, the pump/motor can be run in motoring mode when the potential and braking energy sends feedback from the front hoe of the excavator. In this case, the electric motor works as a generator, and the energy will be converted back into electric power. The methodology introduced in [17] is scaled up for the test case of the micro-excavator. Table 1 contains information about pre-chosen components. External bi-directional gear motors by Hydac with displacements of 6.61 and 4.95 cm 3 /rev [18] .
A multibody model was created with the measured weight and dimensions of the existing micro-excavator by disassembling it, and the cycles were simulated in CREO 3.0. The mass of each DDH unit was estimated to be 29 kg. The weight of each DDH unit is calculated by summing up the weight of its components, which includes two pump/motors, one accumulator, one electric motor, pipes, and the structure for attaching. The weight of an individual component is extracted from its datasheet. The mass distribution of the front hoe is presented in Table 2 , which reveals that the mass of the DDH units are comparable to the mass of the boom, arm, and bucket. Therefore, the velocity of the cylinder can be adjusted via the electric motor's speed control. In addition, the pump/motor can be run in motoring mode when the potential and braking energy sends feedback from the front hoe of the excavator. In this case, the electric motor works as a generator, and the energy will be converted back into electric power. The methodology introduced in [17] is scaled up for the test case of the micro-excavator. Table 1 contains information about pre-chosen components. A multibody model was created with the measured weight and dimensions of the existing micro-excavator by disassembling it, and the cycles were simulated in CREO 3.0. The mass of each DDH unit was estimated to be 29 kg. The weight of each DDH unit is calculated by summing up the weight of its components, which includes two pump/motors, one accumulator, one electric motor, pipes, and the structure for attaching. The weight of an individual component is extracted from its datasheet. The mass distribution of the front hoe is presented in Table 2 , which reveals that the mass of the DDH units are comparable to the mass of the boom, arm, and bucket. Each connection in the structure experiences load reactions due to the cycles used. The load reactions in these cycles were extracted from CREO after each cycle, and the cycle with the maximum reaction load on the joints of the micro-excavator was determined. These load values were defined as input loads for finite element analysis (FEA) in the inbuilt finite element analysis module of CREO 3.0.
Cycles
In order to evaluate the effect of DDH on the mechanical properties and efficiency of an excavator, it is necessary to define the actual operation of such a machine. Typically, the real cycles are composed of many small cycles, which can be obtained from the literature. However, the varying loading conditions and sizes make standardizing a difficult task, as the excavators are operated under various conditions. Therefore, in this study the following cycles were adopted in order to acquire a comparable analysis.
Specific test cycles were required to determine the maximum forces on the excavator parts. No specified test cycles and loading conditions were standardized that could be implemented to determine the maximum forces on the front hoe parts of the micro-excavator. Therefore, during the research, several cycles were designed to mimic the working nature of a micro-excavator with the expectations to define the highest loads on each cylinder and the kingpost-boom joint. Due to the limited availability of standard cycle definitions, the Japan Construction Mechanization Association (JCMAS) duty cycles were followed in digging and leveling cycles, although, a micro-excavator was employed in the research. The JCMAS cycles are designed for larger excavators and are executed without the load. Implementing them directly did not push the system to its limits, and therefore some modifications were implemented by applying the load on the bucket. The loading on the bucket also depends on the velocity of the bucket, which in turn depends on the cycle time. During the study of a typical performance cycle of mobile machinery-while taking the operator influence into account-it was established that the level of expertise of the operator has a crucial effect on cycle times. It was concluded that the experienced operators are likely to have a shorter cycle time for the same task compared to less experienced ones, according to [20] . In [20] , the authors concluded that an experienced operator had an average cycle time of 24.5 seconds, while inexperienced ones had about 47 seconds to perform a similar trenching cycle with a 20-tonne capacity excavator. The cycle time of 20 seconds has been utilized for the micro-excavator in this paper.
Extreme Cycle
A special cycle was designed to evaluate the extreme loads in the operation of the micro-excavator. The extreme cycle is demonstrated in Figure 2 . The highest boom-cylinder load is acquired in a cycle where the boom cylinder is driven from its minimum length to its maximum length while keeping the arm cylinder at the minimum length and the bucket cylinder at a constant length to keep the bucket farthest from the boom-kingpost joint. 
Typical Working Cycle
An example of a typical working cycle for the excavator from [21] was adopted as the input reference for this investigation. The positions of the excavator cylinders and their operating sequence are illustrated in Figure 3 . From here, this cycle will be referred to as a typical working cycle. The load conditions for this cycle are explained below in subsection titled Load. 
Modified Japanese Cycle
The JCMAS duty cycles, standardized to test the fuel consumption of hydraulic excavators [22] , was adopted as a reference in this study. The cycles are scaled down to suit the micro-excavator adopted in this project, as it is smaller than required according to the standard. The swing motion is omitted, and only the cylinder movements of the front hoe are utilized in the scope of this work. Further details about adapting the cycle are explained in [23] . The reference cylinder lengths for each cylinder are compared with the visualization of the utilized cycle, illustrated in Figure 4 for the digging and levelling cycle, respectively.
The digging load during an excavation is not constant. It increases rapidly while digging, stays constant until the load is dumped, and decreases rapidly while the load is dumped. Determining the digging load is a complicated process in itself, and it is not necessarily similar in different cycles of the same nature. Using such a load, which is at maximum only during a certain time span, would not produce the largest reactions to determine the worst loading case of the micro-excavator. Therefore, a constant load of the highest load value for the bucket was embraced. The load definitions are explained in the following subsection. 
Payload
In this study, the load definition was based on the weight of the total volume of sand that the bucket can carry. The bucket of the micro-excavator has a 24 L capacity when it is not heaped. The volume of soil it can carry increases when heaping on the top of the bucket is considered. The standard methods to estimate such loads, for instance the Society of Automotive Engineers (SAE) SAE J2754-2007 and the British Standard (BS) BS 6422:1983 define the outline of loading the bucket in heaped conditions. The SAE (1:1) [24] and Committee of European Construction Equipment (CECE) (2:1) standards [25] define the angle of the heap in two dimensions, as shown in Figure 5 . 
In this study, the load definition was based on the weight of the total volume of sand that the bucket can carry. The bucket of the micro-excavator has a 24 L capacity when it is not heaped. The volume of soil it can carry increases when heaping on the top of the bucket is considered. The standard methods to estimate such loads, for instance the Society of Automotive Engineers (SAE) SAE J2754-2007 and the British Standard (BS) BS 6422:1983 define the outline of loading the bucket in heaped conditions. The SAE (1:1) [24] and Committee of European Construction Equipment (CECE) (2:1) standards [25] define the angle of the heap in two dimensions, as shown in Figure 5 . The volume of the bucket was calculated with dimensional measurements and corresponds to 34.2 L. These dimensions were used to model it in CREO 3.0. An empty bucket was modelled and filled with material, first without and then with heaped material, as shown in the figure below. In order to determine the loads on the bucket, material was modelled to fill the bucket volume following the interior shape of the bucket. The density of the material was defined as 2100 kg/m 3 (selected density value is between soil and rock). The CECE (2:1) standard was selected because if SAE is adopted, the arm would obstruct the top of the bucket due to the limited free space in the geometrical arrangement of the bucket under the arm. Therefore, the maximum bucket load is defined based on the heaped material volume it can carry with respect to CECE 2:1 standard, as demonstrated in Figure 6 .
Positon [m]
Positon [m] The volume of the bucket was calculated with dimensional measurements and corresponds to 34.2 L. These dimensions were used to model it in CREO 3.0. An empty bucket was modelled and filled with material, first without and then with heaped material, as shown in the figure below. In order to determine the loads on the bucket, material was modelled to fill the bucket volume following the interior shape of the bucket. The density of the material was defined as 2100 kg/m 3 (selected density value is between soil and rock). The CECE (2:1) standard was selected because if SAE is adopted, the arm would obstruct the top of the bucket due to the limited free space in the geometrical arrangement of the bucket under the arm. Therefore, the maximum bucket load is defined based on the heaped material volume it can carry with respect to CECE 2:1 standard, as demonstrated in Figure 6 . The gravitational force acting on the soil filled in the bucket is calculated. It is referred to as the peak load of the bucket during excavation. The peak bucket load is calculated and corresponds to 705.549 N. The load due to the soil-filled bucket can be calculated with the volume of the bucket and density of the soil. The densities [27] of some commonly excavated materials are tabulated, and the respective masses as well as the resulting weight of the load are calculated and tabulated in Table 3 . Table 3 . Maximum bucket load during the excavation of different materials [27] . Most of these values express the load when the pure material was filled; but in daily use, the excavated rubble is mixed with soil and other elements as well as air in-between the particles. The loose nature of rubble greatly reduces the density of the material to be excavated. In the daily use of a micro-excavator, the most common materials that undergo excavation are sand or clay mixed with gravel. Therefore, the density of clay and gravel, 2100 kg/m 3 , has been utilized in this paper. Hence, the maximum bucket load of 71.946 kg or 705.549 N, which always acts vertically downward along the direction of gravity, has been adopted in this study.
Material Density (kg/m 3 ) Maximum Mass * (kg) Weight (N)
During the excavation process, there are other forces in action introduced due to bucket-soil interaction. It can be reasonably assumed that the time span of the soil-bucket interaction during soil digging or shearing and loading of soil in the bucket is small compared to the whole cycle time of the excavation operation. These additional loads that appear for a short interval of time are more complicated to evaluate, as they introduce multiple non-linearities during the short span of the bucket-soil interaction. Apart from that, this paper only discusses the effects due to the addition of the DDH units on the front hoe of the micro-excavator; therefore, these additional short-lived loads are omitted in this paper. The frictional forces within the cylinders and the joints are considered negligible in comparison to other loads, so they are neglected in this study.
Digging Load Profile
The digging load has a characteristic profile described by [21] which captures the increasing profile of the load while digging, its constant nature while the bucket is holding it, and the decreasing of the load while it is being emptied. This nature of the external load was utilized to mimic the everyday operation of the micro-excavator in this paper. The highest value of the load that momentarily stays constant in the bucket has been equated to the weight of the rubble/load on the bucket when it is heaped. The modified load definition with the maximum load of 705.549 N is presented in Figure 7 . The gravitational force acting on the soil filled in the bucket is calculated. It is referred to as the peak load of the bucket during excavation. The peak bucket load is calculated and corresponds to 705.549 N. The load due to the soil-filled bucket can be calculated with the volume of the bucket and density of the soil. The densities [27] of some commonly excavated materials are tabulated, and the respective masses as well as the resulting weight of the load are calculated and tabulated in Table 3 . Table 3 . Maximum bucket load during the excavation of different materials [27] .
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Clay ( Most of these values express the load when the pure material was filled; but in daily use, the excavated rubble is mixed with soil and other elements as well as air in-between the particles. The loose nature of rubble greatly reduces the density of the material to be excavated. In the daily use of a micro-excavator, the most common materials that undergo excavation are sand or clay mixed with gravel. Therefore, the density of clay and gravel, 2100 kg/m 3 , has been utilized in this paper. Hence, the maximum bucket load of 71.946 kg or 705.549 N, which always acts vertically downward along the direction of gravity, has been adopted in this study.
Digging Load Profile
The digging load has a characteristic profile described by [21] which captures the increasing profile of the load while digging, its constant nature while the bucket is holding it, and the decreasing of the load while it is being emptied. This nature of the external load was utilized to mimic the everyday operation of the micro-excavator in this paper. The highest value of the load that momentarily stays constant in the bucket has been equated to the weight of the rubble/load on the bucket when it is heaped. The modified load definition with the maximum load of 705.549 N is presented in Figure 7 . The time of loading has been adjusted to the digging cycle. The simplified load is illustrated in Figure 7 . Since it is difficult to determine the terra-mechanical forces on the bucket during an actual digging cycle, a simplified simulated time-dependent load of the moving load was implemented [21] . Respective to this, the y-axis in Figure 7 corresponds to the load magnitude in N.
The following section introduces the mechanical analysis of the micro-excavator utilizing the cycles and the load presented above.
Mechanical Analysis
A 3D model of the micro-excavator was created using CREO 3.0, shown in Figure 8 . It was created to study the mechanisms and perform multibody simulations. The dynamic analyses were conducted to extract the necessary peak loads for the structural analysis. The structural analyses were executed using the finite element method in the inbuilt finite element analysis module of CREO 3.0. The time of loading has been adjusted to the digging cycle. The simplified load is illustrated in Figure 7 . Since it is difficult to determine the terra-mechanical forces on the bucket during an actual digging cycle, a simplified simulated time-dependent load of the moving load was implemented [21] . Respective to this, the y-axis in Figure 7 corresponds to the load magnitude in N.
A 3D model of the micro-excavator was created using CREO 3.0, shown in Figure 8 . It was created to study the mechanisms and perform multibody simulations. The dynamic analyses were conducted to extract the necessary peak loads for the structural analysis. The structural analyses were executed using the finite element method in the inbuilt finite element analysis module of CREO 3.0. 
Determining the Critical Components for the Structural Analysis
Different loading cycles were utilized to check the cylinder loads while applying the same load profile, as specified above in Figure 7 . The utilized operational cycle was defined in Figure 3 . It was simulated in CREO 3.0, and the reaction forces on the three cylinders were measured. The reactions on the three hydraulic cylinders are presented in Figure 9 : the left graph represents the reactions with the DDH units, and the right graph without the DDH units. From Figure 9a ,b, it can be observed that the addition of the DDH units on these locations has a significant impact on the reaction load of the boom cylinder. A maximum load of 20.736 kN was obtained from the boom cylinder with the DDH units attached, while without the DDH units the maximum load was 16.436 kN. 
Different loading cycles were utilized to check the cylinder loads while applying the same load profile, as specified above in Figure 7 . The utilized operational cycle was defined in Figure 3 . It was simulated in CREO 3.0, and the reaction forces on the three cylinders were measured. The reactions on the three hydraulic cylinders are presented in Figure 9 : the left graph represents the reactions with the DDH units, and the right graph without the DDH units. From Figure 9a ,b, it can be observed that the addition of the DDH units on these locations has a significant impact on the reaction load of the boom cylinder. A maximum load of 20.736 kN was obtained from the boom cylinder with the DDH units attached, while without the DDH units the maximum load was 16.436 kN. The arm cylinder did not demonstrate significant changes despite the load due to the geometry and distances of added mass from its support joints. After observing this behaviour, the boom, boom cylinder, and the kingpost on the front hoe were deemed critical components for further analysis.
Structural Analysis
The boom is connected to the kingpost, arm, bucket cylinder, and the boom cylinder. The maximum loads on the boom joints are difficult to define, as they depend on many parameters, such as the weight of each component, bucket load, speed of the cylinders, and position of the cylinder. Since there are many possible cycles, it is difficult to specify the exact extreme case for the excavator. The dynamic analysis of the above-defined operational cycle results in a maximum load for the boom cylinder in that cycle, but the reaction load changes if the cycle is changed. The cycle that produces the highest load on the boom cylinder would be the extreme case cycle for the boom and kingpost. Several test cycles were designed and analysed to determine the extreme case cycle for the boom and kingpost. The cycle definition of the utilized extreme case cycle is presented in Figure 2 .
The boom cylinder reaction forces for the extreme case and operational cycle with DDH units and the payload of 71.946 kg is demonstrated in Figure 10a ,b, respectively. The boom load measured from this cycle are almost twice that of the operational cycle. The load definition here follows the trend of a normal digging cycle. Such a bucket load has a maximum load only for a short interval and then disappears after some time, as described in the load cycle above. A load definition of this nature would not capture the highest possible reaction force on the boom cylinder during the initial and final phases of the cycle. Therefore, a constant load is applied throughout the cycle acting vertically down with a maximum magnitude of 71.946 kg. It would represent a hypothetical case where a heaped load of clay and gravel would be fixed in the bucket. The highest cylinder load magnitude in N during the extreme case cycle with the constant load of 71.946 kg is illustrated in Figure 11 . Such a load case may not be applicable during the common application of an excavator. However, it has been utilized to represent the maximum load magnitude that could occur in the daily operation of this excavator and to extract the highest reaction loads on the joints of boom and kingpost for structural analyses. With the new load definition of a constant 71.946 kg load throughout the cycle, the peak load on the boom cylinder remained relatively constant, and a slight increase in the arm and bucket cylinder load is noticeable. The cycle resulting in the highest loads on the boom was employed to extract the required input loads for finite element analysis.
Finite Element Analysis (FEA)
The structural analyses of the parts were carried out with the Finite Element Method. The boom was determined to be the most critical part, and a structural analysis was performed. Among the parts, the kingpost and boom are connected with a pin connection. They have a similar loading across the joint, but despite the similar loading, the kingpost is heavily built compared to the boom. The wall thickness and bushing around the connection holes on the kingpost are much thicker compared to that of the boom; therefore, the analysis of kingpost is not considered critical. The hydraulic cylinder is protected by a pressure relief valve which prevents it from overloading. Hence, its structural analysis is omitted. The FEA analysis was executed with certain assumptions about the material involved. The material is assumed to be homogeneous, and the general mechanical property of steel as registered in the inbuilt material library of CREO 3.0 was used, as mentioned in Table 4 . The boom has four pin joints with holes on the boom and shafts connecting it to other components. A pin connection restricts the translation of the component along both the horizontal and vertical axes but allows free rotation along one axis. In other words, it can provide support to translational forces but does not provide any moment reaction against the applied load. This simplified connection produces only radial forces on the joints, reducing the complexity of the structural analysis.
The joint reactions with this load case were measured on all joints of the boom, and the result was utilized as the input load for the structural analysis in the inbuilt finite element module of CREO 3.0. The structural analysis in this study was performed to investigate the stress and deformation of the boom. The free body diagram for the boom being analyzed is presented in Figure 12 . The loads applied to the boom and its fixed end are labelled in the free body diagram. In order to simulate the extreme case, the boom cylinder was extended to its maximum length, and the highest bucket load defined above was applied on the bucket. The load values along with their directions are directly imported to the simulation environment of CREO 3.0 from the mechanism analysis of CREO. The joint reactions with this load case were measured on all joints of the boom, and the result was utilized as the input load for the structural analysis in the inbuilt finite element module of CREO 3.0. The structural analysis in this study was performed to investigate the stress and deformation of the boom. The free body diagram for the boom being analyzed is presented in Figure 12 . The loads applied to the boom and its fixed end are labelled in the free body diagram. In order to simulate the extreme case, the boom cylinder was extended to its maximum length, and the highest bucket load defined above was applied on the bucket. The load values along with their directions are directly imported to the simulation environment of CREO 3.0 from the mechanism analysis of CREO. The FEA simulation was performed on the 3D model of the boom using solid elements. The boom was constrained using the displacement constraint setting where translation and rotation along all three axes were fixed. The constraint was applied to the boom-kingpost joint, which is the main support joint for the front hoe. With all the applied constraints and loads, the FEA was performed. Below, Figure 13 demonstrates stresses in MPa on the boom due to the highest loads during the extreme case cycle with DDH units and without DDH units. The stresses in the boom with and without DDH units are compared with exactly the same load and boundary conditions. The FEA analysis result demonstrated that the highest stress was near the boom-boom cylinder joint in both cases. The highest stresses observed in the boom were 144.34 MPa with DDH units and 107.58 MPa without DDH units, as shown in Figure 13 . The resulting displacement of the boom due to the highest loads from the extreme case cycle with DDH units and without DDH units are demonstrated in Figure 14a ,b, respectively. The maximum deflection with the same load and constraint was 1.708 mm with DDH units attached and 1.500 mm without the DDH units. The load values utilized in this analysis are the highest loads that the current micro-excavator might face if operated for actual field applications. Such a load with the equivalent weight of a heaped bucket would not be driven to the lowest reach of the excavator during its operation. Even so, the stress values observed were not alarmingly high for the steel in general. Therefore, these increases in stresses and deflections are considered safe in order to make the necessary modifications and attach the DDH units for further research. The FEA simulation was performed on the 3D model of the boom using solid elements. The boom was constrained using the displacement constraint setting where translation and rotation along all three axes were fixed. The constraint was applied to the boom-kingpost joint, which is the main support joint for the front hoe. With all the applied constraints and loads, the FEA was performed. Below, Figure 13 demonstrates stresses in MPa on the boom due to the highest loads during the extreme case cycle with DDH units and without DDH units. The stresses in the boom with and without DDH units are compared with exactly the same load and boundary conditions. The FEA analysis result demonstrated that the highest stress was near the boom-boom cylinder joint in both cases. The highest stresses observed in the boom were 144.34 MPa with DDH units and 107.58 MPa without DDH units, as shown in Figure 13 . The resulting displacement of the boom due to the highest loads from the extreme case cycle with DDH units and without DDH units are demonstrated in Figure 14a ,b, respectively. The maximum deflection with the same load and constraint was 1.708 mm with DDH units attached and 1.500 mm without the DDH units. The load values utilized in this analysis are the highest loads that the current micro-excavator might face if operated for actual field applications. Such a load with the equivalent weight of a heaped bucket would not be driven to the lowest reach of the excavator during its operation. Even so, the stress values observed were not alarmingly high for the steel in general. Therefore, these increases in stresses and deflections are considered safe in order to make the necessary modifications and attach the DDH units for further research. The purpose of the FEA in the boom was to assure the absence of dramatic changes in stresses due to the addition of DDH units. The attachment of two DDH units on the boom adds 58 kg of weight on the boom itself. The DDH units are attached to the hooking holes of the boom designed to lift the boom in case of disassembly or transportation. It is observed that the additional weight does not cause significant changes in the local stresses of the boom at the attachment region. With these observations, it can be concluded that the addition of the DDH units on the front hoe does not have a detrimental effect on the structural capabilities of the micro-excavator.
Energy Consumption and Efficiency Analysis
The following sub-sections contain simulation results for the electro-hydraulic modelling and results.
Modelling
The model of the excavator consists of the mechanical model (with or without DDH units) coupled with electro-hydraulics models. The 3D solid mechanical model of the excavator was constructed in Creo 3.0. The weight of the excavator part was measured, and material was assigned to each part in the Creo program to match the measured weight. The 3D model of each DDH unit was built and weight of DDH unit is estimated to be 29 kg. The multibody dynamic model with and without DDH units was exported from Creo and imported into MATLAB (R2016b, MathWorks, Natick, MA, USA) Simscape using the Simscape Multibody Link Plug-In. Figure 15 presents the mechanical model with and without the DDH units. 
Energy Consumption and Efficiency Analysis
Modelling
The model of the excavator consists of the mechanical model (with or without DDH units) coupled with electro-hydraulics models. The 3D solid mechanical model of the excavator was constructed in Creo 3.0. The weight of the excavator part was measured, and material was assigned to each part in the Creo program to match the measured weight. The 3D model of each DDH unit was built and weight of DDH unit is estimated to be 29 kg. The multibody dynamic model with and without DDH units was exported from Creo and imported into MATLAB (R2016b, MathWorks, Natick, MA, USA) Simscape using the Simscape Multibody Link Plug-In. Figure 15 presents the mechanical model with and without the DDH units. As components of DDH, the cylinder, pump/motor, accumulator, and pipe are realized in the MATLAB/Simulink environment. Most of their detailed explanations refer to work in [28] . In addition, further improvements to the model were performed. Switching between motoring and pumping mode was added. This improved pump modelling significantly. The leakage models of pumps-external bi-directional gear motors by Hydac-were updated with the analytical method [29] . The hose model was updated with a pressure drop. The overall model is considered to be reliable, as it was validated in early studies in [16] ; and in addition, the cylinder friction was validated with a micro-excavator [30] .
Following section introduces utilized analytical model the pump/motor. The overall leakage flow rate and friction torque depend on the pressure differential over the pump/motor.
The leakage flow rate is given in Equation (1):
and the friction torque is as shown in Equation (2): As components of DDH, the cylinder, pump/motor, accumulator, and pipe are realized in the MATLAB/Simulink environment. Most of their detailed explanations refer to work in [28] . In addition, further improvements to the model were performed. Switching between motoring and pumping mode was added. This improved pump modelling significantly. The leakage models of pumps-external bi-directional gear motors by Hydac-were updated with the analytical method [29] . The hose model was updated with a pressure drop. The overall model is considered to be reliable, as it was validated in early studies in [16] ; and in addition, the cylinder friction was validated with a micro-excavator [30] .
and the friction torque is as shown in Equation (2):
where K HP is the Hagen-Poiseuille coefficient for laminar pipe flows, and K TP is the friction torque vs the pressure gain coefficient, τ 0 is the no-load torque, and ω Thresh is the threshold angular velocity for the pump-motor transition. The Hagen-Poiseuille and the friction torque coefficients are determined from nominal fluid and component parameters through the Equations (3) and (4):
where ν Nom and ρ Nom are the nominal kinematic viscosity and fluid density of the fluid. ω Nom and ∆p Nom are the nominal shaft angular velocity and the pressure difference of the pump/motor, respectively. η v,Nom is the volumetric efficiency at nominal conditions. v and ρ are the actual density and kinematic viscosity of the fluid. The volumetric efficiencies η v,Nom and the hydro-mechanical efficiencies of the selected motors are extracted and calculated based on the curves in the datasheet by Hydac, which contain the flow and torque varying with speed at nominal pressure. Table 5 illustrates parameters of the pump/motor provided by manufacturer (Hydac). In order to look into the energy efficiency effect of the extra weight produced by DDH units on the front attachment of the excavator, the simulation adopting different cycles are done with and without this extra weight of DDH units. The following subsection introduces the results of the simulation study and their analyses.
Results
The power of cylinder is calculated by the product of the hydraulic force and the velocity of the cylinder, including the friction effect, as given in Equation (5):
where the p A and p B are the pressures in the piston (A) and rod (B) chambers of the cylinder; A A and A B are the effective areas in the A and B chambers of the cylinder; and x is the displacement of the piston.
Pump A or pump B is running in pumping mode when the product of the pressure difference over the pump and its angular velocity is positive, and running in motoring mode when this product is negative, as shown in Equation (6):
where P pump ,V pump , and η hm,pump are the power, the displacement, and the hydromechanical efficiency of the pump, respectively. The power of the electrical motor was computed by using the sum power of pump A and pump B divided by its efficiency, as given in Equation (7):
where P Apump and P Bpump are the powers of pumps A and B in a DDH unit, ω is the angular velocity of the shaft connecting pumps and the electric motor, and P e-motor and η e-motor are the power and efficiency of the electric motor. Figure 18 presents the overall power distributions of cylinders, pumps, electric motors, and regeneration in the typical digging cycle. When the power of the cylinders is positive, it means the system is consuming electric power. (8) and (9):
where P cylinders and P e-motors are the powers of the three cylinders and three electric motors, and t 1 and t 2 are the start and end time of the working cycle. Without considering the regeneration possibility of the DDH units, the overall energy efficiency η DDHs is calculated with the integration of the positive power of a cylinder (including the friction effect) divided by the integration of the positive power into electric motors, as shown in Equation (10) . In addition, the regeneration efficiency of DDH units is computed with the integration of the negative power of the electric motors divided by the integration of the negative power of the cylinders, as shown in Equation (11):
P cylinders dt (P cylinders < 0, P e−motors < 0) (11) Table 6 illustrates the energy consumption and efficiency analysis results, including three varying cycles: typical digging cycles, modified Japanese digging cycle, and levelling cycle. The results show that the energy consumption is approximately 15% (15.4%, 18.9%, and 13.5%) higher, with extra weight produced by the three DDH units for the typical digging cycle, JCMAS digging and leveling cycle. Although approximately 20% (26.3%, 22.6%, and 18.2%) more regeneration energy is produced, taking into account the regeneration energy, the increases in energy consumption are 12.2%, 17.2%, and 11.1%. For the selected working cycle, the energy consumption with the added weight of DDH units is higher, and the same time regenerative energy is also higher compared to the system without added weight.
Discussion and Future Outlook
In this study, Direct Driven Hydraulics (DDH) is described as a response to the ongoing trend for electrification of NRMMs. In order to demonstrate the benefits of the zonal hydraulics approach implemented with DDH for the excavator study case, this paper proposed a system model approach to assess and predict energy consumption in various working cycles, complemented by a structural analysis.
Structural Analysis
The finite element analysis was utilized to demonstrate that the extra weight and selected location of DDH units do not negatively affect the structure of the excavator. The prepared 3D model in CREO 3.0 to simulate loading conditions of micro-excavator has its limitations. For instance, the internal dimensions of the boom and arm were inaccessible for measuring without destroying the part itself. Therefore, some of the internal features, such as wall thickness, were modelled by comparing them to other excavator parts that were accessible for measurements. The weld seams and detail features around corners are neglected in the model. This simplification can have a significant impact on local stresses around those locations. The peak stress observed in FEA of the boom was close to an edge near the boom-boom cylinder joint, while almost everywhere else the stress levels were far below the peak value, as can be seen from Figure 7 .
This paper has only studied the static structural response of the boom with the addition of DDH units. In practical application, dynamic loading such as vibrations and friction due to the rotation of the electric motor and hydraulic pumps can result in a different mode of global vibration on the boom and front hoe as a whole. These behaviours should be studied further to assure that the destructive phenomena such as resonance resulting in high stresses and deformations would not occur during use of DDH units attached on the front hoe of micro-excavator.
The additional loading during bucket-soil interaction can produce impact-loading, the effect of which can be studied further to check the robustness of DDH units and relocate or redesign them, making units suitable for practical use. The numerical values of stress obtained from FEA were irrelevant if not compared to something else. The design stress limits of the boom are unknown, and an estimation of the stress limit using dimensions, load, and the material properties can still give unreliable values. In order to get rid of such a dilemma, the stresses of the boom with and without DDH units are compared using the exact same load and boundary conditions. If there were errors in stress values due to defects in the model, it would be the same for both cases with and without DDH units, hence the difference in stress states would still be reliable.
It is challenging to consider the location of zonal hydraulics, as non-symmetrical locations of DDH units may cause problems such as collision, blocking view of an operator, limiting workspace and causing mechanical vibrations. In an ideal case, the cylinders of the front hoe could be modified to accommodate most of the DDH parts within itself. However, it was not feasible for the current research due to limited time and resources.
Energy Consumption Analysis
Although DDH units increase stress and increase weight, DDH brings potential energy regeneration, which is not normally available in conventional valve-controlled systems. The MATLAB/ Simulink modelling results demonstrated that the energy consumption is approximately 15% higher with the extra weight added by the three DDH units compared to the excavator, without taking into account the weight of the DDH units. In addition, more regenerative energy can be obtained in the standard test cycle in the excavator with the added three DDH units. Despite simplifications regarding losses and cycles in the model, significant differences in total energy efficiency were captured between the components. However, for future development, these simplifications should be taken into account. Also, cavitation problems were not investigated in this study, but it should be included in future research. The load model was simplified, as the actual digging cycle does not have penetration into the pile. This was excluded due to the complexity of the terra-mechanical forces. Data acquisition is not currently available for quantifying these forces. The effect of various working cycles with a payload and extreme operation points (such as speed and pressure) should be investigated in the future.
Nowadays, electrification and hybridization are considered to be relevant options to replace conventional valve-controlled systems in order to improve overall efficiency and reduce energy consumption. Despite the demonstrated high efficiency of DDH and the extended range of electric drive that can be obtained due to regenerative energy, it is important to notice that it is coming with the price of extra electric components, such as an expensive battery, electric motors, and motor controllers. The requirement of a high initial investment usually scares the manufacturer and their customers. However, return of investment time due to achieved advantages should be calculated, and the price increase for a new vehicle should be estimated in future work.
Furthermore, to prove the applicability of the proposed electrification by means of zonal hydraulics, these results should be validated against measurements and utilized for the development of a proof of concept for the application of zonal hydraulics for the micro-excavator and other off-road machinery.
The efficiency behaviour of DDH components and the overall efficiency of the triple DDH system were determined. Partial validation of the model showed acceptable results. The detail level of the model could be improved based on validation results. The efficiency estimation was based on a simulation combining data from manufacturers and experimentation. Productivity and efficiency analyses should be performed for the proposed zonal approach to investigate the benefits of this system in more detail.
Control for DDH units was not the focus of this research. A self-adjusting fuzzy PID control was implemented as a speed control for the electric motor, using a fixed PID control as the current control (electric motor vector control i d = 0) and cylinder position control as a response to load-torque disturbance. Therefore, evaluation of the control strategy of the DDH and its effect on the dynamic performance of the hydraulic system should be performed in the near future.
In this simulation study, the drive for the DDH was directly powered from the electrical grid, and the energy storage, converter, and power electronics were not considered in this stage of the research. Consequently, the regenerated potential energy was not stored. However, energy storage could be accomplished using a battery or super capacitor, despite the disadvantages of the expenses for additional components. Energy storage and its management system, power electronics, and three frequency converters will affect price, efficiency, and maintenance of the zonal hydraulics. Therefore, further investigation of these electric components will be included in the near future as part of the modelling study.
Conclusions
This paper investigated the effect of extra weight caused by the Direct Driven Hydraulics (DDH) in a micro-excavator to the structure of the boom and to energy consumption. The energy consumption of the zonal hydraulics approach implemented with DDH units was investigated for various working cycles. This investigation was based on a MATLAB/Simulink model coupled with multibody dynamics and structural analysis based finite element method. The modelling results demonstrated that the energy consumption is approximately 15% (15.4%, 18.9%, and 13.5%) higher with the extra weight produced by the three DDH units for a typical digging cycle, JCMAS digging and levelling cycle. Although more than approximately 20% (26.3%, 22.6%, and 18.2%) regeneration energy is produced-taking into account the regeneration energy-the increases in energy consumption are 12.2%, 17.2%, and 11.1%. In addition, more regenerative energy was captured in the standard test cycle. The structural analysis demonstrated that the extra weight and selected location of DDH units do not negatively affect the structure of the excavator despite the increase in stresses and deflections. Therefore, the proposed modification can be considered to be safe, and it allows attachment of the DDH units for finalizing research and construction of the full prototype of the excavator with zonal hydraulics.
